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conflicting	with	 farming	 practices.	 To	 predict	 and	manage	 birds’	 future	 habitat	









4.	 Brent	 geese	 using	 fertilized	 grasslands	 advanced	 their	 fuelling	 and	 migration	






6. Synthesis and applications.	Disadvantages	of	longer	foraging	effort,	more	antagonistic	
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1  | INTRODUC TION
Human	activity	 is	altering	our	planet’s	 surface	 in	 rapid	and	pervasive	
ways.	Over	80%	of	the	earth’s	land	mass	is	now	under	direct	human	in-
fluence	(Sanderson	et	al.,	2002),	with	croplands	and	pastures	occupying	
over	40%	of	 the	 total	area	 (Asner,	Elmore,	Olander,	Martin,	&	Harris,	





































2016),	 populations	 also	make	 use	 of	 alternative	 terrestrial	 resources	
during	 the	 course	 of	winter	 and	 spring,	 such	 as	 saltmarsh,	 pastures	
and	winter	wheat	(Inger	et	al.,	2006;	McKay,	Langton,	Milsom,	&	Feare,	


















From	 2000	 onwards,	 a	 new	 policy	 was	 implemented	 in	 the	













comparison,	 we	 identify	 management	 actions	 for	 keeping	 natural	
habitats	attractive	to	brent	geese.
2  | MATERIAL S AND METHODS
2.1 | Study sites
The	 study	 sites	were	 located	 on	 two	 barrier	 islands	 of	 the	Dutch	
Wadden	Sea,	the	agricultural	pastures	of	island	Terschelling	(53.38N,	
5.29E)	 and	 the	 early	 successional	 saltmarsh	 of	 Schiermonnikoog	
purpose	of	preventing	conflicts	with	farming	practices,	management	actions	should	
focus	on	conservation	and	restoration	of	saltmarsh	and	especially	intertidal	habitat.
K E Y W O R D S
accelerometer,	brent	geese,	GPS	tracking,	habitat	switching,	human–goose	conflict,	migration,	
pastures,	saltmarsh
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(53.49N,	 6.30E).	 Plant	 sampling	 and	 behavioural	 observation	 pro-
grams	were	 run	 in	parallel	 at	 both	 sites	 from	March	26	 to	 June	7	
2013.	 The	 pasture	 site	 consists	 of	 14	km2	 contiguous	 agricultural	
grasslands	stretched	over	a	distance	of	10	km.	Fields	are	used	mainly	
for	dairy	farming	and	livestock	grazing	but	are	managed	as	a	goose	
and	meadow	bird	 refuge	 in	 spring.	 It	 is	 actively	 fertilized	but	 free	
from	 scaring,	 disturbances	 or	 hunting,	 and	 mowing	 is	 postponed	
until	early	June.	The	back-	barrier	marsh	of	Schiermonnikoog	extends	
over	 a	 distance	 of	 6	km.	 It	 is	managed	 as	 a	 nature	 reserve	 and	 is	
closed	to	the	public	in	spring.	Along	the	south-	eastern	2–3	km,	new	
marsh	continues	to	form.	The	pristine	young	successional	stages	are	
intensively	 grazed	 by	 brent	 geese	 (Kuijper	 &	 Bakker,	 2005),	 mak-
ing	it	an	important	natural	staging	site	for	this	species.	No	livestock	
grazing	occurs	on	the	young	stages	of	the	marsh.
2.2 | Individual GPS tracking: Behavioural 
classification and time budget analysis
In	spring	2012,	brent	geese	were	captured	using	canon	netting	both	
at	the	pasture	site	(53.37270N,	5.26922E)	and	at	the	saltmarsh	site	
(53.4955N,	 6.29229E).	 Individuals	were	 colour-	ringed	with	 unique	
codes,	weighed	within	a	few	hours	after	capture,	and	sexed	by	cloa-
cal	 examination.	 In	 total,	 30	 adult	 male	 brent	 geese	were	 tagged	
with	 UvA-	BiTS	 GPS	 trackers	 (Bouten,	 Baaij,	 Shamoun-	Baranes,	 &	
Camphuysen,	2013),	which	were	attached	as	a	backpack	using	nylon	

























in	Figure	S1.	The	peak	at	α = 0.015 g0	corresponds	to	cases	where	
the	bird	is	standing	still,	whereas	the	peak	at	α = 0.15 g0	corresponds	
to	cases	where	the	bird	is	actively	foraging.	We	categorise	a	bird	as	
inactive	when	α < 0.04 g0	or	active	when	α > 0.04 g0.	The	threshold	
was	found	by	decomposing	the	distribution	into	two	gamma	distri-
bution	 components,	 equalling	 the	 point	where	 these	 two	 compo-
nents	intersect	at	the	same	probability.	Flying	was	detected	using	a	
threshold	of	α > 0.6 g0.	Using	1	hr	of	video	data	on	four	black	brent	
geese	(Branta b. nigricans)	GPS-	tagged	in	captivity,	we	verified	that	




bathymetric	map	of	 the	Dutch	Wadden	Sea	 (cycle	 5	map	 at	 20	m	
resolution)	 and	 tidal	 water	 heights	 (every	 10	min)	 provided	 by	
Rijkswaterstaat,	Ministry	of	Infrastructure	and	Water	Management,	
the	Netherlands.	Mudflats	were	assumed	 to	be	 flooded	when	 the	
bathymetric	height	at	the	bird’s	position	was	below	the	water	height	
measured	 by	 the	 nearest	 tidal	 station	 (pasture,	 west-	Terschelling	
53.36305N	 5.22003E;	 saltmarsh,	 Schiermonnikoog,	 53.46894N	
6.20291E).
Combining	 accelerometer	 activity	 and	 location,	 we	 classified	




2.3 | Field observations: Faecal excretion and 
conspecific interaction rate
Antagonistic	behaviour	was	quantified	by	scoring	interactions	be-
tween	 randomly	 picked	 focal	 individuals	 and	 other	 brent	 geese.	
Other	goose	species	were	uncommon	at	our	study	sites,	and	only	
intraspecific	 interactions	were	observed.	We	defined	an	 interac-















accounted	 for	 the	 nonzero	 chance	 that	 an	 observer	 failed	 to	 see	
a	 dropping	be	 excreted	 (Dokter	 et	al.,	 2017).	Dropping	 and	 inter-
action	observations	were	grouped	 into	2-	week	periods	 according	
to	 the	mid-	points	between	 the	dates	of	 vegetation	 sampling	 (see	
below).
2.4 | Vegetation sampling and analysis
Grass	 and	 excreta	 were	 sampled	 in	 multiple	 transects	 (4	 on	 salt-
marsh,	6	on	pasture,	4–5	stations	each)	of	increasing	distance	to	the	
intertidal,	 such	 that	 fields	 exposed	 to	 different	 grazing	 intensities	
2710  |    Journal of Applied Ecology DOKTER ET al.










site.	 On	 Schiermonnikoog	 brent	 geese	 forage	 mostly	 on	 Plantago 
maritima,	Triglochin maritima,	Puccinellia maritima,	and	Festuca rubra 





protruding	 sticks.	 From	each	 circle,	 two	droppings	were	 collected	
as	 fresh	 as	possible.	 Intertidal	 forage	was	 sampled	on	mudflats	 at	








tergent	 fibre	 (ADF)	 (Van	 Soest,	 Robertson,	 &	 Lewis,	 1991).	 The	
chemical	ADF	analyses	were	used	as	a	calibration	dataset	for	esti-





ADF	 and	 nitrogen	 content	 are	 expressed	 as	mass	 percentages	 on	



















multiplying	p-	values	 by	 the	 number	 of	 categories	 considered	 (12).	
Parameter	 estimates	were	 obtained	 from	 a	 fit	 by	 restricted	 likeli-
hood	maximization	(REML).
Dropping	weights,	interaction	rates,	and	plant	quality	measures	
were	 compared	 using	Mann–Whitney	U	 tests.	 Since	 plant	 quality	
was	measured	for	different	plant	species,	we	adjusted	p-	values	by	
a	Bonferroni	correction	for	multiple	comparisons	between	species	




was	 tested	 separately.	 We	 calculated	 the	 principal	 components	






ing	 on	 saltmarsh	 spent	more	 time	 actively	 foraging	 than	 birds	 on	
pasture	(Figure	1,	green	active,	red	idle),	on	average	2.3	and	1.7	hr	














which	droppings	were	excreted,	were	 lower	on	 saltmarsh	 than	on	
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indicated	by	connecting	brackets).	The	quality	proxies	for	terrestrial	
plants	 in	 the	diet	of	geese	on	saltmarsh	never	exceeded	 the	values	
measured	for	fertilized	grasses	on	pasture	(Figure	3)	in	the	2	months	
considered	(April	and	May).	In	later	spring	(May),	only	the	rarer	food	
items	 (Plantago,	 Triglochin)	 maintained	 comparable	 quality	 levels	 to	
pasture	 grasslands,	 while	 the	 more	 common	 food	 items	 (Festuca,	
Puccinellia)	were	of	lower	quality	relative	to	fertilized	grass	(cf.	Table	
S1.	Festuca:	N	 0.7	±	0.3%	 lower,	ADF	4.2	±	1.0%	higher;	Puccinellia: 
N	1.2	±	0.2%	 lower,	 ADF	5.8	±	1.4%	higher).	 Interestingly,	 intertidal	


















these	 factors	 together	 likely	 translated	 into	 a	 superior	 ingestion	
rate.	These	ingestion	rates	were	probably	high	enough	for	birds	to	
approach	 their	digestive	bottleneck,	explaining	 the	 frequent	 short	
resting	 periods	most	 likely	 used	 for	 digestion.	 Such	 idling	 periods	
were	much	 less	 common	 on	 saltmarsh,	 suggesting	 that	 saltmarsh	
birds	 were	 more	 ingestion-	limited	 than	 digestion-	limited.	 Birds	
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needed	more	time	to	collect	their	food,	likely	because	high-	quality	
resources	 are	more	 patchily	 distributed	 on	 a	 saltmarsh.	 This	 time	
pressure	also	explains	why	they	were	more	involved	in	antagonistic	
interactions	than	the	geese	foraging	on	pasture	(Van	Gils	&	Piersma,	
2004).	 Saltmarsh	 vegetation	 is	 highly	 heterogeneous	 and	 brent	
geese	 can	 fight	 over	 patches	 rich	 in	 preferred	plant	 species	 (Prop	
&	Deerenberg,	1991),	whereas	pasture	vegetation	is	very	homoge-
neous.	Easy	access	 to	high	quality	 food	on	pastures	 likely	allowed	
for	earlier	and	faster	fuelling	rates,	which	explains	the	earlier	weight	
gain	and	earlier	migration	of	geese	foraging	on	pastures.
Our	 results	 explain	 why	 nowadays	 many	 brent	 geese	 prepare	
for	migration	on	pastures.	While	 in	 the	past	 frequent	 disturbance	
in	pastures	might	have	caused	saltmarsh	to	be	the	preferred	habitat	
(Prins	&	Ydenberg,	1985;	Riddington	et	al.,	1996),	nowadays,	with	a	
lower	disturbance	 regime	 in	 the	pasture	habitat	 and	given	our	 re-
sults,	it	may	seem	surprising	that	birds	still	return	to	saltmarsh.	We	










cannot	 be	 obtained	 on	 pastureland	 (Eichhorn	 et	al.,	 2012).	 Geese	
thus	 seem	 largely	 released	 from	 limitations	 by	 nutrients	 (Dokter,	
Fokkema,	 Bekker,	 et	al.,	 2018;	 Fox	 &	 Abraham,	 2017),	 at	 least	 in	
relatively	 mild	 temperate	 winter	 weather.	 An	 alternative	 reason	
that	brent	geese	persist	on	saltmarsh	may	be	that	the	pay-	offs	are	
eventually	the	same.	Although	we	had	indications	of	better	fuelling	
conditions	 on	pasture,	 a	 previous	 comparison	of	 brent	 geese	 pre-
paring	for	migration	in	pasture	and	saltmarsh	habitat	did	not	reveal	
any	differences	 in	 reproductive	 success	 (Spaans	&	Postma,	2001).	
Such	a	difference	might	be	expected	since	brent	geese	are	capital	
breeders	(Spaans’t	Hoff,	van	Veer,	&	Ebbinge,	2007),	in	which	body	
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to	 pasture	 birds.	 The	 advanced	 fuelling	 schedule	 of	 pasture	 birds	
allowed	them	to	depart	several	days	earlier,	 though	 this	difference	
should	 be	 interpreted	 with	 care	 given	 the	 small	 sample	 size	 and	
overlap	between	the	groups.	Nonetheless,	 the	difference	 in	depar-
ture	date	may	be	 important,	 because	early	 arrival	 on	 the	breeding	
grounds	has	been	shown	to	be	a	critical	 fitness	proxy	 in	geese,	 re-
lated	to	improved	breeding	success	(Prop,	Black,	&	Shimmings,	2003).	
Eventually,	close	to	the	breeding	grounds,	the	saltmarsh	birds	caught	





























has	 seen	 slow	 recoveries	 of	 intertidal	 communities,	 including	 sea-
grasses	(Dolch,	Buschbaum,	&	Reise,	2013;	Folmer	et	al.,	2016),	mus-
sel	beds,	and	general	benthos	hotspots	(Compton	et	al.,	2013).	This	
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4.1 | Conservation and management implications
Based	on	historical	hunting	bags,	brent	geese	population	sizes	are	
currently	a	fraction	of	the	past	(Ebbinge,	2014).	1930s	wasting	dis-
















(Bos	et	al.,	 2004).	Financial	 incentives	 to	 farmers	 to	 let	geese	graze	
freely	have	brought	disturbances	at	both	our	saltmarsh	and	pasture	
site	 to	 historically	 low	 levels,	which	 is	 reflected	 in	 little	 time	 spent	
flying	(down	to	0.37	hr/day	or	 less).	This	 is	considerably	 less	than	at	
an	agricultural	and	saltmarsh	sites	in	Denmark	and	the	UK	(Clausen,	
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